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The human polyomavirus JC virus (JCV) establishes persistent, asymptomatic infections in most individuals, but in severely
immunocompromised hosts it may cause the fatal demyelinating brain disease progressive multifocal leukoencephalopathy.
In cell culture JCV multiplies inefficiently and exhibits a narrow host range. This restricted behavior occurs, in part, at the
level of DNA replication, which is regulated by JCV’s multifunctional large tumor protein (TAg). To prepare purified JCV TAg
(JCT) for biochemical analyses, the recombinant baculovirus B-JCT was generated by cotransfection of insect cells with
wild-type baculovirus and the vector pVL-JCT(Int0) containing the JCT-coding sequence downstream of the efficient polyhedrin
promoter. JCT expressed in infected cells was immunoaffinity purified using the anti-JCT monoclonal antibody PAb 2000.
Characterization of the viral oncoprotein indicated that it exists in solution as a mixture of monomeric and oligomeric
species. With the addition of ATP, the population of monomers decreased and that of hexamers and double hexamers
increased. A DNA mobility shift assay indicated that origin binding occurred primarily with the double-hexamer form. A
comparison of the specific DNA-binding activities of JCT and SV40 TAg (SVT) revealed that JCT generally exhibited greater
affinity for binding site II relative to binding site I (B.S. I) of both viral origin regions, whereas SVT preferentially bound B.S.
I. Furthermore, JCT bound nonviral DNA more efficiently than did SVT. These functional differences between the two TAgs
may contribute to the reduced DNA replication potential of JCV in vitro, and to the virus’ ability to establish persistent
infections in vivo. q 1996 Academic Press, Inc.
INTRODUCTION specifically interacts with two binding sites (B.S. I and II)
located within the origin of DNA replication (Tjian, 1978,
JC virus (JCV) establishes persistent infections in
1979; Myers and Tjian, 1980; Myers et al., 1981). TAg70% of the human population (Padgett and Walker,
recognizes four copies of a pentanucleotide sequence
1973) and is the etiologic agent of progressive multifocal
located within B.S. II, a component of the core origin
leukoencephalopathy (Padgett et al., 1976), a demyelinat-
which is indispensable for viral DNA replication (Tjian,
ing brain disease that afflicts a significant number of
1978; DeLucia et al., 1983; Tegtmeyer et al., 1983). In the
patients with acquired immune deficiency syndrome (for
presence of ATP, TAg assembles into two hexameric
reviews see Frisque and White, 1992; Tornatore et al.,
units which extend nuclease protection to two additional
1994). JCV is a primate polyomavirus sharing 69% se-
elements of the core origin, an inverted repeat and an
quence homology with simian virus 40 (SV40), and the AT-rich sequence (Deb and Tegtmeyer, 1987; Borowiec
genomic organization of these viruses is nearly identical and Hurwitz, 1988a; Mastrangelo et al., 1989). Formation
(Fiers et al., 1978; Frisque et al., 1984). Despite this high of this TAg–DNA complex promotes changes in the DNA
degree of genetic similarity, the two viruses are biologi- structure, leading to the creation of a replication bubble
cally distinct, with JCV exhibiting reduced lytic and trans- (Dean et al., 1987; Dodson et al., 1987; Wold et al., 1987;
forming activities in cell culture and altered pathogenic Borowiec and Hurwitz, 1988b). TAg also interacts with
and oncogenic behavior in experimental animals (for re- the cellular DNA polymerase a–primase complex to syn-
views see Tooze, 1981; Frisque and White, 1992). thesize the primers for replication initiation (Smale and
A single viral regulatory protein, the large tumor anti- Tjian, 1986; Dornreiter et al., 1990). In addition to its cen-
gen (TAg), is required for replication of the JCV and SV40 tral role in initiation, TAg functions during the elongation
genomes (for a review see Fanning and Knippers, 1992). phase of replication as a helicase–ATPase to unwind
This phosphoprotein performs multiple functions that the DNA strands at the replication forks in a sequence-
contribute to viral replication potential (Fig. 1; Fanning independent manner (Stahl et al., 1986; Dean et al., 1987;
and Knippers, 1992; Lynch et al., 1994). SV40 TAg (SVT) Wiekowski et al., 1987).
JCV TAg (JCT) binds to the intact JCV origin of DNA
replication (B.S. I and II) with an efficiency similar to that1 To whom correspondence and reprint requests should be ad-
dressed. Fax: (814) 863-7024. of SVT, but promotes DNA replication less effectively
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(Lynch and Frisque, 1990, 1991; Tavis and Frisque, 1991;
Sock et al., 1993). JCT fails to drive detectable replication
from the SV40 origin region, although it does bind to the
SV40 origin sequences (Lynch and Frisque, 1990, 1991).
Genetic studies indicate that sequences within the cen-
tral region of JCT permit the protein to distinguish three
nucleotide (nt) differences near and within the AT-rich FIG. 1. Functional domains of JCT important for DNA replication.
region of the two viral core origins, thereby suggesting Based upon sequence comparisons with SVT and genetic analyses of
JCT (Tavis and Frisque, 1991; Lynch et al., 1994; Swenson et al., 1996),a molecular basis for the inability of JCT to interact pro-
several functional domains of the 688-a.a. JCT protein are depicted,ductively with the SV40 origin (Lynch and Frisque, 1990;
including those that encode helicase (a.a. 132–628), specific and non-
Lynch et al., 1994). specific DNA binding (a.a. 132–260), and ATP binding and ATPase
The availability of purified SVT has greatly advanced (a.a. 419–628) activities. Also shown are a zinc finger region (a.a. 303–
our understanding of the events that lead to viral, as 326) which may influence stable hexamer formation, two regions which
effect DNA polymerase a binding (a.a. 1–81 and 272–518), and N- andwell as cellular, DNA replication. To begin a biochemical
C-terminal phosphorylation domains (P).investigation of JCT functions, a readily available source
of highly purified protein is required. Previous analyses
have been limited by the low levels of JCT expressed in 5*-ACATGGAATAGTTCAGAGGTGCCAACCT-3*
transformed cells and by the reliance upon unpurified
3*-TGTACCTTATCAAGTCTCCACGGTT-5*
preparations (Bollag et al., 1989; Haggerty et al., 1989;
Lynch and Frisque, 1991; Tavis and Frisque, 1991; Trow- RsaI PfIMI
bridge and Frisque, 1993). Recently, Windl and Do¨rries
This oligonucleotide patch was used to link the exon 1
(1995) expressed JCT in 293 cells using an adenovirus
fragment at the RsaI site (nt 4790) with the exon 2 frag-
hybrid vector. Immunoprecipitation of JCT with anti-SVT
ment at the PflMI site (nt 4420). The resulting sequence,
monoclonal antibodies yielded a partially purified protein
which included the TAg gene without an intron, was
capable of binding intact JCV origin sequences under
joined to pBSMKS at its SacI site to produce the construct
nonreplication conditions. In the present study we report
pBS-JCT(Int0).
the construction of a recombinant baculovirus capable
A unique BglI site was introduced into pBS-JCT(Int0)
of expressing large amounts of the JCV early protein in
at a position 5* to the TAg coding region to generate the
insect cells. JCT was isolated from these cells and puri-
recombinant DNA pBS-JCT(Int0)-BglI. This was accom-
fied by immunoaffinity chromatography using the JCT-
plished by removing an NcoI–SacI fragment (JCV nt 57
specific monoclonal antibody PAb 2000 (Bollag and
to 4980) from pBS-JCT(Int0) and replacing it with the cor-
Frisque, 1992). Characterization of the oligomerization
responding restriction fragment from pM1(BglI)o, a con-
and DNA-binding activities of JCT under replication con-
struct that contained a unique BglI site at the center of
ditions has revealed new insights into the involvement
the JCV replication origin (Lynch and Frisque, 1990).
of JCT in the initial steps of viral DNA replication.
The final step in construction of the baculovirus–JCV
TAg vector involved cleavage of pBS-JCT(Int0)-BglI with
BglI plus AvaII to yield a DNA fragment (nt 5128 to 2473)MATERIALS AND METHODS
that contained exons 1 and 2 of the TAg-coding region,
Plasmids and DNAs and only a minimum of noncoding information. Following
ligation of PstI–BglI and AvaII– EcoRI adapters to the
Construction of the baculovirus–JCV TAg vector pVL-
ends of the BglI–AvaII fragment, this DNA (now called
JCT(Int0). The intact JCV genome (Mad1 strain) was in-
JCT(Int0)) was inserted into the unique PstI and EcoRI
serted into phagemid vector pBluescript (KS0) (pBSMKS;
sites of the baculovirus vector pVL1392 (Invitrogen) to
Stratagene) at the EcoRI site to form pBS-JCV. To remove
create pVL-JCT(Int0) (Fig. 2).
the intron between exons 1 and 2 of the TAg gene, pBS-
Construction of pJC-Ori. The plasmid pJC-Ori, con-
JCV was subjected to two restriction enzyme double di-
taining the JCV core origin of DNA replication (nt 5094
gests: (1) SacI plus RsaI, which yielded a 397-nucleotide
to 31; Lynch and Frisque, 1990), was constructed by ligat-
pair (np) fragment spanning JCV nt 57 to 4790 (most of
ing the annealed oligonucleotide pairs A and B shown
exon 1), and (2) PflMI plus SacI, which yielded a fragment
below to the pBSMKS vector between its unique BamHI
containing both vector and JCV sequences and including
and SacI sites.
the TAg-coding region from nt 4420 to 2603 (most of exon
2). To replace nucleotides lost from the exon regions of BamHI
these fragments which flanked the intron, two oligonucle-
(A) 5*-GATCCCTTACTACTTCTGAGTAAGCTTGGAGGCGGAGG-3*
otides were synthesized (Penn State Biotechnology Insti-
tute) and annealed. 3*-GGAATGATGAAGACTCATTCGAACCTCCGCC-5*
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recognition sequences, was prepared by cleaving pKP55
with EcoRI plus SspI (pBR322 nt 4168 to 4359).
Cells and viruses
Sf9 insect cells derived from Spodoptera frugiperda
(Summers and Smith, 1987) were cultivated at 27–307 as
monolayer or spinner cultures in TNM-FH medium
(Sigma; Hink, 1970) supplemented with 10% fetal bovine
serum (FBS) and 50 mg/ml gentamycin. SRMMT-MEF
cells (Bollag and Frisque, 1992), transformed mouse em-
bryo fibroblasts which express JCT, were propagated in
Dulbecco modified Eagle medium containing 5% FBS.
The recombinant baculovirus B-JCT was generated by
cotransfecting Sf9 cells with 3 mg of pVL-JCT(Int0) and
1 mg of linearized WT Autographa californica nuclear
polyhedrosis virus (AcNPV) DNA, using a cationic lipo-
some transfection protocol (Invitrogen). Recombinant vi-
ruses were isolated from the culture medium 2 days
posttransfection and plaque-purified (Summers and
Smith, 1987; Lanford, 1988; Murphy et al., 1988). The
recombinant baculovirus 941, which encodes SVT, was
a gift from Dr. Lanford, Southwest Foundation for Biomed-
ical Research, and Dr. Summers, Texas A&M University.
Monoclonal antibodies and immunoaffinity column
preparation
PAb 416 and PAb 901 recognize epitopes within amino
acids (a.a.) 82–131 and 682–708 of SVT, respectively,
FIG. 2. Construction of pVL-JCT(Int0). JCT(Int0), consisting of exons and both cross-react with JCT (Harlow et al., 1981; Arthur
I and II of the TAg gene plus minimal noncoding flanking sequences,
et al., 1988; Deckhut et al., 1991). PAb 2000 recognizeswas inserted downstream of the polyhedrin promoter of the baculovirus
an epitope within a.a. 1–82 of JCT and is not cross-cloning vector pVL1392 between the PstI and EcoRI restriction sites in
the multiple cloning site (MCS). The deleted intron sequence (D344; reactive with SVT (Bollag and Frisque, 1992). This anti-
nt 4770–4427) as well as the translation initiation (ATG) and termination body was coupled with protein G–Sepharose 4B Fast
(TAA) signals are indicated. Flow (Pharmacia) using dimethyl pimelimidate dihydro-
chloride (Schneider et al., 1982) to prepare an immunoaf-
(B) 5*-CGGCCTCGGCCTCCTGTATATATAAAAAAAAGGAGCT-3* finity column for purification of JCT. For purification of
SVT an immunoaffinity column was similarly prepared3*-TCCGCCGGAGCCGGAGGACATATATATTTTTTTTCC-5*
using PAb 901 and protein A–Sepharose CL-4B (Phar-
SacI macia).
Isolation of DNA fragments for TAg-binding analysis.
Expression and purification of JCT and SVT
A 126-np restriction fragment containing JCV TAg B.S. I
was obtained by digesting pMad1-TC (Frisque et al., Sf 9 cells were infected with B-JCT or 941 recombi-
nant baculoviruses at a multiplicity of infection of 10 –1984) with NcoI and then with DdeI. The corresponding
110-np SV40 restriction fragment was isolated by digest- 20 plaque-forming units (PFU) per cell. TAg extraction
and purification were performed according to Simanising the plasmid pSV40 (Chuke et al., 1986) with AvaII
followed by DdeI. A 68-np fragment containing JCV TAg and Lane (1985) and Murphy et al. (1988) with minor
modifications. Infected cells were washed in TD bufferB.S. II was isolated from pJC-Ori following digestion with
BamHI plus SacI, and a 79-np fragment encompassing (25 mM Tris – HCl, pH 7.4; 136 mM NaCl; 5.7 mM KCl;
0.7 mM Na2HPO4) 48 hr postinfection (p.i.) and lysedSV40 TAg B.S. II was obtained from a HindIII–NcoI digest
of pORI (Deb and Tegtmeyer, 1987). A 70-np fragment with agitation at 47 for 30 min in lysis buffer [50 mM
HEPES, pH 9.0; 0.5% NP-40; 1 mM dithiothreitol (DTT);(pBR322 nt 3537 to 3607) which lacks TAg recognition
sites was isolated from pKP55 (Li and Kelly, 1985) follow- 10% glycerol; 10 mg/ml leupeptin]. Na-acetate (200
mM) was then added, and the lysates were clarifieding digestion with AseI plus PstI. A second control DNA,
a 191-np fragment containing two TAg pentanucleotide by centrifugation. After preadsorption to a protein G –
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Sepharose 4B Fast Flow column, the JCT-containing phate (AMP-PNP; Boehringer Mannheim) were assem-
bled on ice and then transferred to 377. After 5 min,lysate was incubated with the PAb 2000 immunoaffin-
ity column at 47 for 90 min. The SVT-containing lysate 200 to 600 ng JCT or SVT was added (final reaction
volume, 10 ml; glycerol concentration, 10%), and thewas similarly incubated with the PAb 901 immunoaf-
finity column after preadsorption to a protein A – Seph- samples were incubated 30 min at 377. Glutaraldehyde
(Polysciences, Inc.) was added to a final concentrationarose CL-4B column. The immunoaffinity columns
were washed with 150 ml high-salt buffer (50 mM of 0.5% and the samples were incubated 10 to 15 min
at 377 to cross-link TAg – DNA complexes. CompositeHEPES, pH 7.8; 500 mM Na-acetate; 1 mM DTT; 10%
glycerol; 1 mg/ml leupeptin) and 100 ml low-salt buffer gels were prepared with 0.5% agarose and 2.4% acryl-
amide in TAE buffer (40 mM Tris – acetate; 2 mM EDTA)(50 mM HEPES, pH 9.0; 1 mM DTT; 10% glycerol; 1
mg/ml leupeptin). JCT and SVT were eluted with 5 ml and electrophoresed in TBE buffer (89 mM Tris – bo-
rate; 2 mM EDTA) at 120 V for 35 min. The gels wereelution buffer (20 mM triethylamine, pH 11; 10% glyc-
erol; 10 mg/ml leupeptin) as 500-ml fractions, and each dried and subjected to autoradiography.
fraction was neutralized by the addition of 50 ml neu-
DNA-binding assay
tralizing buffer (500 mM HEPES, pH 7.8; 10 mM DTT;
The assay was conducted essentially as described by10% glycerol). The lysates and TAg-containing frac-
McVey et al. (1993). Various amounts of JCT or SVT weretions were analyzed on SDS – 7.5% polyacrylamide
added, on ice, to a mixture of two 32P-end-labeled DNAgels (Laemmli, 1970), and proteins were visualized by
fragments (8 fmol each), one representing JCV TAg B.S.Coomassie blue staining (0.1% w/v brilliant Coomas-
I and the other representing JCV TAg B.S. II. Each TAgsie blue R; 10% methanol; 12.5% acetic acid). Fractions
was also added to a mixture of the two correspondingcontaining similar amounts of TAg were combined and
SV40 DNA fragments. All reactions were performed indialyzed for 10 hr at 47 in TAg storage buffer (10 mM
binding buffer II at pH 7.5 (30 mM HEPES–NaOH, pHPipes, pH 7.0; 1 mM DTT; 5 mM NaCl; 0.1 mM EDTA;
8.0; 7 mM MgCl2 ; 1 mM DTT; 4 mM ATP, pH 7.5; 40 mM50% glycerol; 10 mg/ml leupeptin). TAg concentrations
phosphocreatine; 0.1 mg/ml BSA; 1 mg/ml salmon spermwere determined (Bio-Rad Protein Assay) and proteins
DNA; 2.5% glycerol; 10 mg/ml leupeptin; final reactionwere stored at 0207.
volume, 50 ml). The samples were incubated at 377 for
50 min, followed by the addition of 0.5 mg of purified PAbOligomerization assay
416 in binding buffer II. After 40 min at 377, immune
JCT or SVT (3 mg) was added, on ice, to oligomerization complexes were incubated on ice with 25 ml of Pansorbin
buffer (30 mM HEPES–NaOH, pH 8.0; 7 mM MgCl2 ; 1 Staph A cells (Calbiochem) in binding buffer II for 50 min.
mM DTT; 40 mM phosphocreatine; 2 mg/ml creatine The samples were centrifuged and the pellets washed
phosphokinase; 10 mg/ml leupeptin; 0 to 4 mM ATP; final three times with ice-cold NET buffer (50 mM Tris–HCl,
reaction volume 30 ml, pH 7.5), followed by incubation at pH 7.4; 150 mM NaCl; 5 mM EDTA, pH 7.2; 0.05% NP-
377 for 30 min. TAg oligomers were then cross-linked 40). To dissociate DNAs from proteins, the pellets were
with 0.1% glutaraldehyde at 377 for 15 min. After addition suspended in 100 ml SE (1% SDS; 25 mM EDTA, pH
of 61 sample buffer without b-mercaptoethanol, the TAg 8.0) and incubated at 657 for 15 min. The labeled DNA
oligomers were resolved on a native 4–20% gradient fragments were purified by extraction with phenol–chlo-
polyacrylamide gel (Bio-Rad) in Tris–glycine running roform and chloroform, precipitated with ethanol, dis-
buffer without SDS (Laemmli, 1970). Electrophoresis in a solved in TE (10 mM Tris–HCl, pH 7.5 or 8.0; 1 mM EDTA,
Mini-Protean II Cell (Bio-Rad) at 17 mA was carried out pH 8.0), and analyzed by polyacrylamide gel electropho-
for 5 hr at 47 ambient temperature. The gel was fixed resis. The gels were dried, and the labeled fragments
and protein complexes were visualized by silver staining were visualized by autoradiography and quantitated with
(Silver Stain Plus, Bio-Rad). a betascope 603 blot analyzer (Betagen). Counts ob-
tained with the betascope were adjusted to correct for
DNA mobility shift assay differences in specific activities of the labeled DNAs.
Data were presented in the form of histograms (scale: 1The assay was conducted essentially as described
 1 1 104 counts) using the Cricket Graph programby Virshup et al. (1992). DNA fragments containing JCV
(Cricket Software). Each binding experiment was per-(68 np) and SV40 (79 np) TAg B.S. II were isolated,
formed at least twice.purified, ethanol precipitated (with ammonium acetate
and 1.3 mg glycogen per microgram plasmid DNA), and RESULTS
end-labeled with [32P]dCTP and [32P]dATP. Samples
Overexpression and purification of JCTcontaining 3 fmol of these fragments in binding buffer
I (30 mM HEPES, pH 7.8; 7 mM MgCl2 ; 40 mM creatine Investigation into the structure and function of the JCV
large T protein has been severely limited by its inefficientphosphate; 1 mM DTT plus 4 mM adenylyl-imidophos-
AID VY 7804 / 6a13$$$$22 03-01-96 06:53:34 viras AP: Virology
85CHARACTERIZATION OF IMMUNOAFFINITY-PURIFIED JCV TAg
expression in infected and transformed cells (Frisque oligomers of JCT that formed during incubation were re-
solved on a gradient nondenaturing polyacrylamide geland White, 1992). Functional and structural analyses of
the closely related SV40 T protein were greatly facilitated and compared to the oligomeric forms of SVT incubated
similarly (Fig. 4). When both TAgs were incubated at 07once purified SVT became available. A number of host –
vector systems have been employed to overproduce without the addition of ATP, the proteins existed as mix-
tures of monomeric and oligomeric forms (Fig. 4, lanesSVT, including transfection of Escherichia coli with plas-
mid expression vectors (Strauss et al., 1987; Arthur et al., 1 and 5). A considerable amount of both proteins also
accumulated as higher order multimers near the wells1988) and infection of human (Solnick, 1981; Thummel
et al., 1981; Gluzman et al., 1982) and insect (Lanford, at the top of the gel. At 377 without ATP, SVT showed an
increase in monomeric and a decrease in trimeric to1988; Murphy et al., 1988) cells with recombinant adeno-
viruses and baculoviruses, respectively. The relative sim- pentameric forms (Fig. 4, compare lanes 5 and 6). With
increasing ATP concentrations, the amount of monomersplicity of the latter system coupled with its efficient ex-
pression of biologically active, posttranslationally modi- decreased, while that of trimers, tetramers, and hexa-
mers increased, and a faint band of double hexamersfied protein has made the recombinant baculovirus
approach a frequent choice of those studying SVT. We appeared (Fig. 4, lanes 7 and 8). At 377 without ATP, JCT
showed an increase in monomers (Fig. 4, compare laneshave chosen this expression system to produce biologi-
cally active JCT. To create a recombinant baculovirus 1 and 2). With increasing amounts of ATP, monomers
decreased in number, while hexamers increased slightlythat encoded this protein, the DNA fragment JCT(Int0),
containing the JCV TAg gene with its intron removed (nt and a band of double hexamers appeared (Fig. 4, lanes
3 and 4). In addition, an oligomeric form of both TAgs4427 to 4770), was inserted into the baculovirus transfer
vector, pVL1392, downstream of the potent polyhedrin migrating between the hexamer and double-hexamer po-
sitions increased slightly (Fig. 4, lanes 3, 4, 7, and 8).promoter (Fig. 2). Sf9 insect cells were cotransfected with
pVL-JCT(Int0) and WT baculovirus, AcNPV. The resulting Several repetitions of this experiment confirmed that un-
der replication conditions, JCT preferentially assemblesrecombinant baculovirus, B-JCT, was isolated and puri-
fied as described under Materials and Methods. To ex- as hexamers, but forms double hexamers as well.
To further investigate the assembly of JCT into hexamerspress JCT protein, Sf9 cells were infected with B-JCT
virus at a multiplicity of 10–20 PFU/cell. Cell lysates were and double hexamers, we conducted a DNA mobility shift
assay with origin-containing DNA fragments (Virshup et al.,prepared at 48 hr p.i. and incubated with an anti-JCT PAb
2000 immunoaffinity column. JCT was released from the 1992). This assay combines the analysis of oligomerization
and DNA-binding functions of TAg into a single experiment.column with triethylamine elution buffer, pH 11. The cell
lysate, column flowthrough and washes, and eluted frac- As shown in Fig. 5, JCT and SVT bound both viral origins
primarily as double hexamers. Relatively greater amountstions were analyzed on an SDS–7.5% polyacrylamide gel,
and the proteins were visualized by Coomassie blue of the hexameric form of both TAgs were observed when
bound to the JCV origin fragment (Fig. 5A vs 5B) and whenstaining (Fig. 3). While JCT expressed in transformed
SRMMT-MEF cells (Fig. 3, lane 14) could only be visual- using lower protein concentrations (Fig. 5B, lane 7 vs 9).
ized after Western blot analysis (data not shown), TAg
present in the initial Sf9 cell lysate was readily detected Specific DNA binding of JCT
by Coomassie blue staining (Fig. 3, lanes 2 and 3). The
TAg band disappeared from the flowthrough after the TAg B.S. I and II within the JCV and SV40 origin regions
contain different arrangements of the TAg recognitionlysate had been incubated with the immunoaffinity col-
umn (Fig. 3, compare lane 4 with lanes 2 and 3), and site 5*-GAGGC-3* (Fig. 6). B.S. I, which is not required
for viral DNA replication, is located toward the early sideTAg was not removed from the column after extensive
washing (Fig. 3, lanes 5 and 6). JCT eluted from the col- of B.S. II and contains two copies of this pentanucleotide
sequence separated by an adenine tract; in the case ofumn was first observed in fraction 2 (Fig. 3, lane 8) and
was most concentrated in fractions 3 and 4 (Fig. 3, lanes SV40 a third TAg recognition sequence, 5*-TAGGC-3*, is
present. B.S. II is part of the core origin of replication of9 and 10). No PAb 2000 or major TAg-degradation prod-
ucts could be detected in the eluates (Fig. 3; Western each virus and consists of four pentanucleotide recogni-
tion sites that reside within a dyad symmetry. It is locatedblots, data not shown).
between two other core elements, an imperfect inverted
repeat and an AT-rich sequence. JCT and SVT B.S. IIQuaternary structure of JCT
differ by only one nucleotide, whereas the two B.S. I
signals are more distinct.Since we wished to study the interactions between
JCT and the viral replication origin under conditions that To compare the abilities of JCT and SVT to bind B.S. I
and II of the two viral origin regions, increasing amountssupport DNA replication, the quaternary structure of JCT
was determined under these conditions as well. The of the TAgs were incubated under replication conditions
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FIG. 3. Purification of JCT. Sf9 insect cells were infected with B-JCT virus, and after 48 hr the cells were lysed (lane 2). The lysate was preadsorbed
on a protein G–Sepharose column (lane 3) and incubated with an immunoaffinity column containing PAb 2000, a monoclonal antibody that specifically
recognizes JCT (lane 4). After JCT adsorption the immunoaffinity column was washed with high-salt (lane 5) and low-salt (lane 6) buffers. JCT was
eluted from the column with triethylamine elution buffer at pH 11. The first seven eluted fractions are shown in lanes 7–13. Controls included a
lysate of SRMMT-MEF cells expressing JCT (lane 14; JCT band confirmed by Western blot, data not shown) and PAb 2000 (lane 15). Samples were
examined on an SDS–7.5% polyacrylamide gel and the proteins were visualized by Coomassie blue staining. The positions of JCT and PAb 2000
are indicated.
with a mixture of two 32P-labeled DNA fragments (8 fmol
each) containing either B.S. I and II of JCV (Fig. 7A) or
B.S. I and II of SV40 (Fig. 7B). Salmon sperm DNA was
added to each mixture to compete with nonspecific DNA
binding of the two proteins (Simmons et al., 1990). Gener-
ally, JCT bound better to B.S. II than to B.S. I, especially
when the target sequences represented JCV DNA (Figs.
7A and 7B, lanes 2–4; histograms). JCT interacted with
B.S. I of both viruses much less efficiently than did SVT
(Figs. 7A and 7B; histograms) and bound to SV40 B.S. I
slightly better than to the JCV site (data not shown).
JCT and SVT interact with DNA in a sequence-indepen-
dent fashion during the elongation step of replication; there-
fore, we examined whether the presence of nonspecific
DNA (i.e., nonviral origin sequences) would alter the binding
affinity of either TAg for B.S. I and II. Each T protein (400
ng) was incubated under replication conditions with 8 fmol
FIG. 4. Comparison of JCT and SVT oligomerization patterns. Three each of the two 32P-labeled JCV (Fig. 8A) or SV40 (Fig. 8B)
micrograms of JCT (lanes 2–4) or SVT (lanes 6–8) was incubated under B.S. I and II DNA fragments in the presence of varying
replication conditions for 30 min at 377 with increasing amounts of amounts of salmon sperm DNA. Omitting the latter DNA
ATP. Lanes 1 and 5: JCT and SVT, respectively, were incubated at 07
from the mixture resulted in both TAgs exhibiting a combina-for 30 min without the addition of ATP (0*). TAg complexes were cross-
tion of specific plus nonspecific binding activities and ledlinked with glutaraldehyde and resolved on a nondenaturing 4–20%
gradient polyacrylamide gel. Proteins were visualized by silver staining. to their greatest binding potential for the four viral DNA
The numbers of subunits in the protein complexes are indicated. Inclu- fragments (Figs. 8A and 8B, lanes 1 and 5). Under these
sion of urease (272-kDa trimer, 545-kDa hexamer; Sigma) and apofer- conditions JCT’s increased affinity for B.S. I relative to B.S.ritin (450-kDa monomer, 900-kDa dimer; Sigma) on the gels as molecu-
II presumably reflected the contribution of its nonspecificlar weight markers (not shown) supported our assignment of the hex-
amer and double-hexamer TAg band positions. binding (see below) to the larger B.S. I DNA fragment (Sim-
AID VY 7804 / 6a13$$$$23 03-01-96 06:53:34 viras AP: Virology
87CHARACTERIZATION OF IMMUNOAFFINITY-PURIFIED JCV TAg
FIG. 5. JCT, like SVT, forms double hexamers after binding to viral origin DNA. Increasing amounts of JCT or SVT were incubated with 3 fmol of
labeled 68-np JCV origin DNA (A) or 79-np SV40 origin DNA (B) for 30 min at 377 under replication conditions in the presence of AMP-PNP. TAg–
DNA complexes were cross-linked in the presence of glutaraldehyde and analyzed by agarose–acrylamide gel electrophoresis. The dried gels
were exposed to X-ray film. The most rapidly migrating bands (asterisk) represent labeled origin DNA. DNA bands were shifted after TAg bound
as hexamers (bottom arrow) or double hexamers (top arrow).
mons et al., 1990). With the addition of 50 to 5000 ng of protein were incubated under replication conditions with
8 fmol of either a 70-np or a 191-np 32P-labeled plasmidsalmon sperm DNA to each sample (100- to 10,000-fold
excess over the specific DNA), JCT again demonstrated a DNA fragment (Fig. 9). The 70- and 191-np fragments
were predicted to contain either zero or two potentialpreference for JCV B.S. II over JCV B.S. I (Fig. 8A, lanes 2–
4; histogram), while SVT continued to exhibit greater affinity TAg-binding sites, respectively, based upon the pres-
ence or absence of the pentanucleotide consensus se-for each B.S. I relative to B.S. II (Figs. 8A and 8B, lanes 6–
8; histograms). Furthermore, with increasing amounts of quence G/TAGGC. The results indicated that JCT bound
to both DNAs more efficiently than did SVT, and as ex-salmon sperm DNA, JCT bound decreasing amounts of each
B.S. I and II, but SVT binding activity was reduced only with pected it interacted better with the 191-np DNA fragment
containing the two potential TAg-recognition sites.respect to B.S. II (Figs. 8A and 8B, lanes 6–8; histograms).
Nonspecific DNA binding DISCUSSION
A thorough analysis of the multifunctional regulatoryTo investigate the ability of JCT and SVT to bind to
nonviral (nonspecific) DNA, increasing amounts of each protein JCT and its interactions with viral DNA and host
FIG. 6. Comparison of JCV and SV40 origins of replication. The nucleotide sequences of both viral core origins and portions of their auxiliary
regions are indicated. B.S. I and II (I and II) contain multiple copies of the pentanucleotide sequence (denoted by arrows) recognized by TAg; the
dashed arrow in SV40 B.S. I denotes a weaker recognition signal. The inverted repeat regions (IR) are identified by solid bars, and the A / T-rich
tracts (AT) by open bars. The asterisk marks a single nucleotide substitution (G to C) within JCV B.S. II which creates the unique BglI restriction
site present in the JCT(Int0) DNA fragment used to create pVL-JCT(Int0) (Fig. 2). The three underlined nucleotides represent differences that allow
JCT to distinguish between the two origins (Lynch and Frisque, 1990).
AID VY 7804 / 6a13$$$$23 03-01-96 06:53:34 viras AP: Virology
88 BOLLAG, MACKEEN, AND FRISQUE
FIG. 7. Efficiency of JCT and SVT binding to JCV and SV40 sequences containing B.S. I or II. No TAg (lane 1) or various amounts of JCT (lanes
2– 4) and SVT (lanes 5–7) were incubated under replication conditions with 8 fmol each of two JCV (A) or SV40 (B) 32P-labeled DNA fragments
containing either B.S. I or B.S. II. Viral DNA sequences used were: A, a 126-np JCV B.S. I- and a 68-np JCV B.S. II-containing fragment, and B, a
110-np SV40 B.S. I- and a 79-np SV40 B.S. II-containing fragment. Positions of single-stranded (ss) and double-stranded (ds) DNA fragments are
shown. Markers M1 and M2 represent the DNA fragments used in the binding experiment; M1 was denatured by heating at 957 to identify the
position of a single-stranded DNA band. The TAg–DNA complexes were immunoprecipitated with PAb 416 and Staph A. The precipitates were
then washed and the DNAs dissociated from the protein complexes, purified by phenol–chloroform extraction, and precipitated with ethanol. DNAs
were analyzed on native 10% polyacrylamide gels and visualized by autoradiography. Band intensities of ds DNA fragments were quantitated with
a betascope 603 Blot Analyzer, and the counts were adjusted to correct for differences in specific activities of the labeled fragments to permit
direct comparisons of the relative binding efficiencies shown on histograms A and B (scale: 1  1 1 104 counts).
cell factors is required for a better understanding of the thus was not suitable for the present study. Both the
adenovirus and the baculovirus approaches yield modi-basis for JCV’s restricted lytic and transforming behavior
in cell culture and its pathogenic and oncogenic potential fied, biologically active proteins, and biochemical analy-
ses of SVT indicate that the TAgs from these two sourcesin its human host. To this end, two objectives were pur-
sued in the present study: (i) to create an expression are comparable (Lanford, 1988; Murphy et al., 1988; Ho¨ss
et al., 1990). We have focused upon the baculovirus sys-system that yields large quantities of biologically active
JCT and (ii) to conduct a biochemical investigation of JCT tem because of the high levels of expression possible
and the ease with which the method can be adapted tofunctions that influence the initial steps of DNA replica-
tion. produce altered forms of JCT. Sf9 insect cells, which
abundantly express foreign proteins encoded by recom-Three approaches have been taken recently to pro-
duce JCT in cell culture: (i) a procaryotic system involving binant baculoviruses, were infected with B-JCT. A major
obstacle to the immunoaffinity purification of the JCTpET expression vectors and an E. coli host (Tavis, Mac-
Keen, Soguero and Frisque, unpublished data), (ii) a present in these cell extracts was identification of an
appropriate monoclonal antibody; only a limited numbermammalian cell system that relies upon the expression
of a recombinant adenovirus in transformed 293 cells of anti-JCT monoclonal antibodies have been derived
(Bollag and Frisque, 1992; Tevethia et al., 1992) and most(Windl and Do¨rries, 1995), and (iii) an insect cell system
in which Sf9 cells are infected with a recombinant bacu- anti-SVT monoclonal antibodies do not cross-react with
JCT. Attempts to use the cross-reactive anti-SVT anti-lovirus (this study). Expression in E. coli results in a pro-
tein that lacks certain posttranslational modifications re- body, PAb 901, for purification of both SVT and JCT failed,
since the immunoaffinity column did not bind adequatequired for the production of a fully active protein and
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FIG. 8. Specific binding of JCT and SVT to JCV and SV40 sequences containing B.S. I or B.S. II in the presence of increasing amounts of nonspecific
DNA. Various amounts of salmon sperm DNA were mixed with 8 fmol each of two JCV (A) or SV40 (B) 32P-labeled DNA fragments containing either
B.S. I or B.S. II and incubated with 400 ng JCT (lanes 1–4) or SVT (lanes 5–8) under replication conditions. Viral DNA sequences, markers, TAg–
DNA complex processing, and gel evaluation are as described in the legend to Fig. 7.
amounts of JCT (data not shown). Instead, PAb 2000, form hexamers and double hexamers, albeit less effi-
ciently than did SVT (Fig. 4). In an additional experimentwhich specifically recognizes the N terminus of JCT,
readily bound the protein to the column and released it conducted in the presence of origin DNA, the baculovi-
rus-expressed JCT and SVT behaved in a highly coopera-under our elution conditions (Fig. 3). Preliminary experi-
ments have demonstrated that the purified protein is tive manner to form double hexamers (Fig. 5). This pattern
of DNA binding was similar to that of adenovirus-ex-phosphorylated (Swenson and Frisque, 1995) and retains
biological activity, as evidenced by its ability to support pressed SVT treated with PP2Ac, but differed from that
of the untreated protein (Virshup et al., 1992). This latterin vitro DNA replication and to bind the tumor suppressor
proteins p53 and pRb (Bollag and Trowbridge, unpub- observation probably reflects differences in the phos-
phorylation pattern of TAg produced in insect vs mamma-lished data). Furthermore, the purified protein has been
shown to alter binding of the cellular transcription factor lian cells (D. Virshup, personal communication; Ho¨ss et
al., 1990; Chen et al., 1991).YB-1 to sequences adjacent to the JCV core origin (Chen
et al., 1995). A second property of JCT thought to contribute to ineffi-
cient viral DNA replication is its specific DNA-bindingPrevious studies identified two properties of JCT that
may contribute to the restricted DNA replication activity activity. In previous studies JCT was shown to bind effi-
ciently to DNA fragments containing either B.S. I aloneof JCV in vitro and in vivo. The first of these was noted by
Tavis and co-workers (Tavis et al., 1994) who employed or B.S. I / II, but only weakly to B.S. II alone (Lynch and
Frisque, 1991; Tavis and Frisque, 1991). However, thesesucrose density gradient centrifugation to investigate the
quaternary structure of JCV and SV40 TAgs present in experiments were conducted at 07, without ATP, and with
low levels of unpurified TAg, conditions known to reduceextracts of transformed cells. These experiments demon-
strated that unpurified JCT oligomerized less efficiently site II binding (Deb and Tegtmeyer, 1987; Borowiec and
Hurwitz, 1988a). Windl and Do¨rries (1995) have repeatedthan did SVT under nonreplication conditions. Since the
ability of SVT to form hexamers is a prerequisite for viral these assays using similar reaction conditions, but with
JCT obtained from 293 cells infected with a recombinantDNA replication (Mastrangelo et al., 1989; Loeber et al.,
1991; Parsons et al., 1991), it was important to investigate adenovirus expression vector. In their studies JCT was
again found to bind the intact origin sequences, and,the oligomerization pattern of purified JCT under replica-
tion conditions. In the presence of ATP, this protein did with slightly reduced efficiency, a DNA fragment con-
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protein components were found to influence TAg-binding
activity. In the first set of DNA-binding experiments, in-
creasing amounts of JCT or SVT (50 to 450 ng) were
incubated under replication conditions with an equimolar
mixture of two 32P-labeled DNA fragments representing
B.S. I and B.S. II from either JCV or SV40 (Fig. 7). A
100-fold excess of nonspecific (salmon sperm) DNA was
added to each sample. Unexpectedly, JCT bound approx-
imately 2-fold more JCV B.S. II than B.S. I and slightly
more SV40 B.S. II than B.S. I; SVT bound B.S. I better
than B.S. II of either viral origin in agreement with previ-
ous studies (Lynch and Frisque, 1991). In the second set
of experiments a constant amount of TAg (400 ng) was
added to the radiolabeled viral DNA fragments in the
presence of increasing amounts of nonspecific DNA (0
to 5000 ng; Fig. 8). When specific binding was challenged
with the addition of excess nonspecific DNA, JCT contin-
ued to bind JCV B.S. II better than B.S. I and to bind both
SV40 sites approximately equally. As nonspecific DNA
was added in 10-fold increments, JCT binding to both
specific sites and SVT binding to B.S. II decreased. How-
ever, SVT binding to each B.S. I remained relatively un-
changed, indicating that in addition to its greater affinity
for this site, SVT also exhibited greater specificity for B.S.
I. The SVT binding results were in general agreement
FIG. 9. Efficiency of JCT and SVT binding to nonspecific (plasmid) with those reported in the literature (Tjian, 1978; Shal-
DNA fragments. This figure represents a composite of two similarly
loway et al., 1980; Myers et al., 1981; Tegtmeyer et al.,processed gels. Various amounts of JCT (lanes 2 – 4) and SVT (lanes
1981), whereas the finding that JCT bound B.S. II effi-5 – 7) were incubated under replication conditions with 8 fmol of
ciently was unexpected, given our earlier results (Lyncheither a 191-np 32P-labeled fragment containing two pentanucleotide
TAg recognition sequences (top gel) or a 70-np 32P-labeled fragment and Frisque, 1991; Tavis and Frisque, 1991). It is likely
without these sequences (bottom gel). The TAg – DNA complexes that differences in DNA and TAg concentrations and in
were processed as described in the legend to Fig. 7, and the DNAs
reaction conditions, including the presence of ATP, werewere analyzed on native 8% polyacrylamide gels. To visualize bands
largely responsible for the enhanced JCT binding to B.S.on the autoradiograms (top portion of figure) and to permit quantita-
II observed in the current study. It has been reported thattion (bottom portion of figure), the gels were exposed to X-ray film
and counted on the betascope for prolonged periods of time. Al- the relative levels of DNA and protein greatly influence
though the scale (1  1 1 104 counts) for the histograms in Figs. SVT DNA-binding activities and that the addition of ATP
7 – 9 was the same, longer exposures on the betascope caused the
under replication conditions results in enhanced SVT ori-values plotted in Fig. 9 to be elevated approximately twofold relative
gin binding and a shift in SVT binding preference in favorto those plotted in Figs. 7 and 8.
of B.S. II (Deb and Tegtmeyer, 1987; Borowiec and Hur-
witz, 1988a). It is also possible that the presence of cellu-
lar proteins in the unpurified TAg preparations used intaining B.S. I only. This latter result was taken as evi-
dence that JCT does interact with B.S. II, although binding earlier studies inhibited the binding of JCT to B.S. II.
The TAgs of JCV and SV40 recognize specific arrange-to a DNA fragment containing only this site could not be
demonstrated. ments of two and four copies of the pentanucleotide
GAGGC located within B.S. I and II, respectively (Figs. 7A number of approaches have been taken to investi-
gate the interaction between SVT and B.S. I and II of the and 8; Lynch and Frisque, 1990). Although the JCV and
SV40 origin sequences are highly conserved (Fig. 6),origin of replication (Tenen et al., 1982; DeLucia et al.,
1983; Tegtmeyer et al., 1983; Jones and Tjian, 1984; some differences are apparent, including an extra ‘‘im-
perfect’’ pentanucleotide in B.S. I of SV40 (Deb and Tegt-McVey et al., 1993). A stringent test for stable TAg–DNA
binding under replication conditions is a modified immu- meyer, 1987) and three nucleotides in the late half of both
core origins which permit JCT to differentially activatenoprecipitation binding assay (McKay, 1981) conducted
at 377 (McVey et al., 1993), and this method was adopted replication of each viral DNA (nts underlined in Fig. 6;
Lynch and Frisque, 1990). One might ask whether any ofin the present study. In preliminary work all aspects of
the assay were carefully examined and optimized, since these sequence alterations accounts for our observa-
tions that (i) both JCT and SVT exhibit a slight preferencesmall fluctuations in pH or concentrations of DNA and
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